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AI IS’J’lLAC’J’

Si]]nllatcd radio tracki]lg, data fro]]) OIIC f]yby of ]4;U1’O])a, tWO flJJbyS  Of (: Wl~l IICdC, and

two flybys  of Callisto  by t}lc Gal i leo  Orbitm  yield cstilnatcs  of tllc staIIdard  errors iII tl]c

gravitatimlal  cocflicicl]t 3Z of 44, 8.5, aIId 12 (iII units of 10- ‘) for }I;uro])a, Gallylncclc,  and

(;allisto,  rcs])cctivcly;  m-rors ill C22 (iII units of 10-’) arc 12, 1.7 and 2.1. ‘J’IICSC errors arc

suflic.iclltly  sIIIall  that tl)c values of J2 ZIIId C22 !,0 bc IIKZISUICd  by Galileo sl]ould suflicc  to

dctcrlnillc  if tllc icc and rock ill tl)c satellite interiors arc u]liforlnly lnixcd or sq)aratcd,  so

loIIg as tl]c lmdics arc iII IIydrostatic  cquilil)riulll.

1. lN’1’ltOl)lJ<~’l’loN

II) 1 ICCCIIILCI  of 1995 the Gali]co s]mcc.craft  will cIItcr orbit  arou~ld  J u])itcr and cnnbark

011 a t,ou I of tlIc Joviatl systcIII that, will take. it suflicimltly  close to t}lc icy Gali]call  satc]litcs

to IImasurc tllcir  gravitational cocflic,icnlts J2 al~d Czz. l{nowlc+;c  of tllcsc cocflicimlts  will

collstl-sill lnodcls of the satcl]itm’ illtcriom (I]ubbard  and AIIclcIson 1978; ]kmnott  1979;

Zllarkov ci. a]. ] 984; h~uc]]cr  and h4c.l{il~liol~  ]988) w]iic])  at ]Jrcscllt IUII t}lc  galnut  f]om

ullifc)rl]l  ice ]oc.k lllixturcs (ulldifl’c.lcl~tiate(!  objcc.ts)  to rock C.OJCS SUJIOUJIdCCl  hy icy (water)

]Ilalltlcs  (fully diffcrclltiatc.d  bodies) to structures ill bctwccIl tl)c clId lncIIIl)cr  uJldifl’crc]lti-

atcd  al)d fully difl”crclltiatcd  states wllcrcin tl~c  ic.c al~d rock arc ])artially  sc])arat,cd (Scllubcrt

ci al. 1986). ‘J’l Iougl I it is ~)rcsclltly  wiclc]y IIcld tl~at all tllc icy Galilcall  satc]litm  arc dif-

fcrcxltiatcd  and t]lat  t]lc contrast  bctwccui  t]Ic. cltdogcl]ica]ly  lnodific{l suJfac,c of (~al~ylllcdc

and tllc old, lligllly  clatcrcd  surfacr. of Callisto  lcsults  from a ])ost-accrctiol]al  s])urt  ill tllc

il)tcrl)al  activity of Ganymcdc duc l)crllalm  to tidal ljcati)lg  car]y ill its orbital Cvolutioll
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(Aqalhotl’a 1 991), illc!lx!  arc as yet 110 data that C.ollclusivcly  C!stal)lisll  t.hc! Cxtclli  of icc-roclc

CIifl(:lcl]tiatic)l)  ill t,l Ic icy satellites. ‘J’l)crcforc,  tlIc ]IuqIosc  of t,l)is ]M]VN is to assess wlIctlIcI

tl]c Gali]co Inissiol]  will ])rovidc  tllc data lIcccssaIy  Lo r igorous ly  cstalllisl] tllc degree of

ice-rock difl’cm)tiatiolj  i]) tllc icy (;alilcall satellites. WC acconl])lisll  this  by cstinlatillg  tlIc

accuracy with wl]ich t,llc gravitational cocflicimits J2 and C22 will IJc dctcrl~lillcxl for mclI of

tlIc icy satcllit,cs  froln radio trackil]g data tl]at  will h rcccivccl  duri))t;  tl)c plal)llccl tour of

tlIe satellites by tllc Galileo orbiter. \Vc LIICII  cxp]orc  wllctllcr  tllc estimated errors arc slna]l

CIIOUF,II to disc.rilninatc  with cmtaillty  hctwcml ultdiffcrcnkiatcd  aIId diffcreJ1tiatcd  Inodcls of

t}le satellites.

11.

‘J ‘]IC ]owcst c~qycc  al)d

GRAVITArl’IONAl,  COEF’FICIEN’llS

o r d e r  tmllls in tlIc sl)llerical IIzmnoliic  cxpal}sion  of tllc glavita-

tiollal  ]Jotcjitial [J of a rc)tatiollally  and tidally distorted syIIclIroIIously rota

satellite arc

(I , $’M [1- (:)2$( - ]3 cos2 O - 1) -1 (:)2 L’223 sir12 Ocos 2A
‘J’

(1)

wlIcrc G is tllc gravitational collstallt, Af is tllc lnass  of tllc satellite, 7’, 0, A arc s])llcrical

c.oordillatc.  s, ti is t,l Ic lllcal~  radius, tl]c c.oordillai,c systcIII origin is at t]]c CCIItCI  c~f Illass, zoo

[] CF, IW.S ]Ollf,itUdC  (~ : ()) iS alOllF>  t]lC ]i?l~ fJ’0111  t)lC CClltCJ’  Of t]lC ])]all Ct tO t]l C CCJltCl”  Of

tlIc satellite, and J2 aIId CQ2 arc. gravitatiol~al  cocfl~cicl]ts  rc]atcd to tlIC lnolllcl]ts of illcrtia

A, );, C(C > }1 > A) of tllc satcl]itc  I,y

(2)
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1{- A
G ‘ -4 A4({,

‘lllICg,IaVitatiOIIal  C,ocfiicicllts  due. to tidal and rotatiol)a

rotating satellite depend OII tl]c illtmllal dmlsity  structure i

c.a II bc cxl)ressed as

(3)

distortion of tllc syllclIroIIously

ICI rlIcolog;y  of tlIc satellite aIId

(4)

(5)

Wllclw  kz is tllc IJove number al)d w is tlIc allgu]aI rotatiol] rate of t]IC satc]litc  . ‘J’]Ic s]la])~

of tllc dcforlnml satellite can be cxl}rcsscd as

a - c ()~2u3
: 2/12 Y;Al

zl
(G)

(7)

wlIcrc a, b, c arc tl~c  raclii of tlIc ell ipsoid (a > L > c) and 112 :. 1 -[ k2 is al]ot]lcr l)ovc

]Iulnbcr. Va]ucs  of L3 am readily calculable ~;ivcl]  tlIe radial dmlsit,y l)rofile aIId rllcological

l~cllavior  of a satellite.

IL is lcasollablc  that  bodies as large as tl]c icy Cali]ca]l  satc]]itcs arc i]) ]Iydrostatic

cqui]il)riul]) ulldcr tl)c loIIg tmlIl in flucnlcc of rotatiol]al  al)d tidal forcitlg. Ilowcvcr, it is also

possihlc  tljat olIc or Inorc of t]lc sal,cllitcs dcforlns Ilc)l\llyCIIcJstatic.all}~  to tidal aIId rotatiol)a]

forcing  or lIas sufficicllt. lneclla]lical  StI-Cllgth  to cit)]cr ~JI cscrvc a fossil I)u]gc froIn all car]icr

tilnc  ill its cvolutiol)  or su~)port illtcnjlal lIlass alloInalics  ullrc]atcd to sl)ill aIId ti(lcs.  ]“01 tlIC

])ur})oscs  of tl)is ~)apcr we assume hydrostatic Cquilibriuln,  ol)taili  k2 for diffcrcl]tiatcd  aIId
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lIII(liffCI{:lI  tiat C(l satellite JIIodc Js, dclmmiIlc coII(:s])c)I](li])p, .)~ ?lIl(l c’z~ Valll(’s flol]l ( 4 )  and

(5), assess Lllc crwrs i]] tlic Galileo Or\,itc]’s  ]I]easurc,nc],ts  of tl,csc pravitatio,,a]  cocflicimts,>

and ascr.rtaill  if Ll]c II IcasurcIIlcIIts cal] discri  I]li Ilatc aIIIOIIg satellite Inodc]s.  ‘J’llc ulti]natc

v a l i d i t y  of’ tllc IIyclrcmtatic assum])tion IIlust await tlIc actual lncasurclIlcllts of J2 allcl C~22

aIId tllc figures of tltc satellites to test tlIc consistency of tllc olmmatiolls  wit]) (4)- (7) and

value.s of k2 illfmcd fmm hydrostatic II IOCICIS.

‘J’al)lc  1 sulnlnarizm  values of J2 and C;22 for a suite c)f diflc] cntiatcd  iu]d ulldifl”crcntiatcd  mt, I

models of tl)c icy satellites. Most of tlIc modc]s  assuIIIc tidal a~ld rotatiol~al  forcing corrc-

s]~o~ldillg  to tlIc prcscntt orbits  of tlIc satc]]itcs, A fcw of t]lc ]turo])a aIId cjaIIyIIlccIc  lnodc]s

assmm t]la.t the satc]]itm  ]ucscrve  fossil tida] al]d rotatio])a]  bu]gm corrcs])ol)dillf,  to car]icr

orbit,al  locations four ]wrccnlt  closer to Ju]~itcr  (h4alllotra 1991 ). l,ack of difl”crcl)tiatioll  dots

IIot iln])ly alxcllcz  of Iadial  dcnisity variatiol)s silicc ic.c is solnc.w]iat coln~)rcssiblc  and also

u]ldcrg;ocs  ]>IIMC clIa.IIgcs at prcsxurcs cnccmntcmx] in tllc il]tcriors of GallyIncdc a~lcl ~allisto.

III gellcral,  values of the gravitatio]la]  cocflicicllts  are larg;cr  for tllc ulldiffcrcntiatcd  lnode]s  of

tllc satellites tlla]i  they arc for tllc difTcrcIltiatcd lnc)dcls.  ‘1’lIc  dmjsificatiol)  of ic.c with clc})tli

rcsu]ts  ill sInallcr gravitatiolla]

(I,u])o 1 982).  l“oI a given intcl

]arg;cr gravitatimlal  cocfficicvlts

cocf~icicllts  coInJKIICd  with silni]al  ulliforln dcllsity IIIOd ClS

or dcllsity  Inodcl,  l)IcsclvatioI] of a. fossil tidal bulge yiclcls

‘J’lIc Inajor qucstiol]  is wllctllcr tllc values of .12 aIId CY22

are. diffcrmlt Cl} OUF;ll  tl]at tl)c (;ali]co lncasurclnclll,s  of tllcsc Cocflicic]lts  will bc alj]c to djs-

crilni]]atc  a.lno]]g  t,l]c lnodds?  ‘J’llc aliswcl  dc])clic{s  oI~ I,lle sim of tl]c CI ror or uIlccrtai Ilty ill

tllc {;alilco  II)casurclncllts  of J 2 and C~22 con]~)arcd wit]] t]Ic sepal atiolls ill t]lc IIWdCl v a l u e s

of t]]csc cmcflicim]ts givcli i]} ‘J’able 1. III tllc licxt scctioll  wc assess t]]c Cl IOIS t])at can })c
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aIItici]Jatcxl  iII tlIc Galileo IIlcasu IcIImII(s of J 2 aII[l  C22 .

111. 11’l,YJIY  SIMIJI,A’I’IONS

‘J’lic Galileo orbitm aIIcl  At]]]osl)llcric  1’IOLC wcm lauIIchcd f rom tlIc S])acc SIIuttlc At-

la]ltis ill octolm  1989. Followi]]g  all AUgUSt 1995 scparatio]l  of tlIc l’robe fro]l) the Orbiicr,

tJIc Orbitm is sclmdulcd  to cmtcr Ju]jitcr  mbit  011 i’ lkcmnbcr  1995. About  fOLII ]IOUIS ~)cforc!

doscxt  ap})roacl]  to Jupiter, tlIc, Orbiter will c]lcoulltcr 10 at aII dtituclc  of OIIC thouswld

kilo] ]mtcrs. ‘J’his CIOSC flyl)y not oIIly will ]novidc ol)])ortullitics for IICW 10 olmcrvatiol)s,  it

will also rcducc  the required orbital insertion 11-)allcuvcr by an alnoullt  4V = 175 III s- ]. ‘J’IIc

sul.)scqum~t orbiter lnission  will co]lsist of CICVCII orbital rcvolutiol)s , cxIclI orbit  clcsif;  ncd for

a c,losc flyby of citl)cr Eut-opa,  Ganylncdc,  or ~allisto.  of tllcsc clcvcII orbits, five will yiclcl

satellite gravity fields to tllc scmnd  dc~,rcc  and orclcI ill sI)l Icrical Ilarmonics.

l’rcwious]y,  wc ]mformcd simulations of satellite flybys usil)g; J 1’1,’s Orbit 1 lctcrminatioll

l’rograln  (01)1’), the software wc will usc for t,lIc actual  data al)alysis (Gm])bcll 1 984). WC

silllula,tcd  as closely as possible tllc analysis of alltici])atcd  colIcrcIIt 1 lopplcr  data rcqucstcd  of

tl)c I)cc]) Space Network (I)SN)  ill su}]~)ort  of our invcstigatioll. Wc have dcscribcd  clscw])crc

tllc Galilm radio scicl~cc  systcln  atld LIIC full ral)p;e of radio scicl]cc invcstigatiolis  sclcctcd for

tl)c Gali]co Mission (Andcmon ct al. 1992,  lloward  cf al, 199’2). WIICII  ]jrcvious]y l)rcdicti]lg

results fmIIl tllc satellite gravity invcstigatio]], wc assulmd  tl]c tlICII currcllt  Illissiol] l)rofilc of

two l;urcq~a  flybys  during  orbital rcvolutiol]s  4 al)d 5, tlIrcc Gallymcdc  flybys  011 Icvc)lutiol)s

1, ~, a~ld 10, a~ld tllrm ~allisto  flybys o]] ~cvolutiolls  3, 6, a]]d 11. WC l)rcdictcd  accurac.ics

ill tl)c two gravity cocfIcic~lts  J2 aIId C22 of 68 m]d 14 rcs])cctivcly for 10, 40 and 10 for
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10 UIW1M,  lb aIId 2 f o r  GaIIymcdc, al)d 96 aIId 2 for Q]listo,  all ill ul]its of 1(1- 6.

hlorc  rcmitly, wc lIavc dcvclopcd software. for gcwcral flyl~y g;ravity  analyses based 011

a variation  of ])aramctcrs  IIIct,lIod (A IIdcrsoII and Gialn]jicri 1994) .  WIICII a])plicd  to tllc

G.alilco sakllik flybys, wc find tlIat  this software ])rcdicts  tlIc SaIIN acc.uracim for- .)Z al]d

L’ZZ as oul- earlier 01)1’ analysis. llmc wc rc])ort WI the a])])lic.atioll  of tllc xlcw sofLwarc. to

a]) cwa.luation  of a rcccmtly  rcdcsig]lcd  satellite tour.

IIccausc  of a failure iII tlIc sc]]cdulcd hlay 1 9 9 1  ul]furling of tlIc Orbitcr)s  l)igh-gain

antcnl]a,  the Galileo l’rojcct  in 1993, working in CIOSC collabora.tioll  wit]] its l’rojcct  Scicllcc

Groupj  c.om]dctcly  rcdcsig]lcd  tlIc }ncviously  sckxtcd  tour. A rcdcsig;ll  was ncccssitalxxl  by

a sig]]ific.allt reduction iII tclccoI1llll~ll]icatioIl  I)it late usil]g tllc OrLitcr’s  Iow-gaill alltcllna,

IIowcvcr, the im])act of a low-gain  a]ltclllla ]nissioll on tllc gcncratiol] of cohcrmlt l)olq)lcr

data was of s]nall COIICCIII.  We lost the capability to gcncratc  cohcrc]lt data at X band  (3.6 cm

wavclcl@ll),  but  rctaillcd  tlIe ca])ability at S l~aIld (13 cm wavclcngtll).  Although thcm is

an advantage at X-band in that noiso  introduced by propagation of the radio signal through

solar ])laslna. is reduced at t]lc sllortcr  wavc]cllgtl],  I ougl Ily Ly a factor of tl]c wavc]cngth  ratio

squared  (factor of ]3 ~loisc rcductim~ over S ballcl), we always vicwcxl tllc gcllcrat,ioll  of X-

balld data for tllc satellite flybys as ])roblc]natica]. lJIllikc  11-mrc rccalt s])acccraft  that  usc the

NASA standard  transponder ol)crating  at X band,  tllc Galilee) orbiter’s tclccoll-)ll~ullicatic)ll

systmn c]oscly  rcsclnb]cs  tllc car]icr Voyager S-1.)aIlcl  systcvn. ‘J’hc basic Gali]co system was

u})g;raclcd  by adding X- bal]cl IIarc]warc  s}wcifically for ILwlio ScicIlcc  illvcstigatiolls  (A IIdersc)II

ci. CI1. 1992, IIowa.rd cf. al. 1!392). III all OUI earlier error studies, wc MSUIINX1 S-band  ca~)ability

fcw tllc satellite flybys, the: staIldard  o})crating  I]lodc. III cff’cct wc IIavc bccII assumil]g  a low-



gaiII  autmua  ca])ability all along.

WC  JIlakc ollc cxccptioli  to tlIc ]nillilllal  ill)l)act  of tlIc lcnv-gail]  autcIIIIa lnissicm. IIccausc

of tlIc dctcrmil]isl~l  of orbital  mccllallicx,  tlIc 10 flyl)y aIIcl tlIc orl)ital insertion  will occur wlIcll

Ju])itcr  is only  8.8° fmn solar conjunction. III our ~)rcvious error studies wc assulnccl  au S-

l.mld ca])ability  ap])ropriate  for solar clol)gatioll  allglcs g;reatcr  tllall 80°, but we rcxognizcd

that collcrmlt X-l)aud data would bc required for tllc 10 flyl)y  near  solar colljunctioli.  Without

X baud, wc IIOW clowIlgradc our earlier accuracy ])rcdictioI]s  011 J2 aIld ~zz for 10 fro]n 68

and 14, rcs])cctivcly,  to 610 mld 68 (in uuits of 10- ‘). Note that tlic errors arc not li~lcar

ill tllc cxpcctcd  solar plasma. noise bccausc wc l}avc  accouutcd  for otllcr  systematic errors,

lnost IIotab]y s]nall non-gravitational accelcratiol]s  fmn s~jacccrafl  systems and from solar

radiation.

‘J’IIc orbital cl]aractcristics  of tllc five flybys useful for gravity ficlcis arc g;ivcn  in ‘1’ab]c  11. nbIe 2

For colllplctcncss  wc ilicludc 10011 orbit  O. ‘J’IIc ]m-alnctcrs  of direct concmm arc tl)c flyby

c]oscst approach distance ?’cA, the flyby vc]ocity  V, Ju))itcr’s  so]ar c]ongation  al)g]c SIC}’

at tlIc tilnc  of tl}c flyby, tl]c latitude ~J of closest a])]~roacl),  and tlIc orbital i]lcliliatioll  1,

wlIcrc tl)c last  two atlg;lcs  arc rcfcrcllccd  to the satc]litc’s equator .  ‘J’IIc gcolnctry  of tllc

six flyljys is s] Iow I~ i~l ]“ig;urcs  1 a~]d 2, illcludil]f; tl~c. dircctio]js of ltartl~ al)d Ju])itcr,  ‘J’l Ic pig. 1 ,2

Eartl]  o c c u l t a t i o n  z o n e s  a r c  s h o w n  s i m p l y  t o  indimtc tl]at cont,i]luous  lkq)p]cr  d a t a  ca~l IJC

gcl)cra.tcd  during  t]lc flyby. Most of t]lc flybys unsuitable  for gravity fic]ds were desigllccl

for  l’;artll o c c u l t a t i o n ]  ill su})})o]t  of tlIc ILadio Sc.imlc.c  atIncm])llcric  illvcstif;atiol]. ]“rom

tl]c vicwpoil]t of 1{.adio  Scimlcc,  about IIalf of tllc flybys will rcturII atlnos])l)eric,  data ant]

about l]alf will rcturl) gravity data. For alIy givcll fiyby, tl)c two illvcstigatiolls  arc Inutua]ly

{J
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cxclusiv(’.

‘J’l)c r[!sult,s  of our  Cx)valiallc.c analysis arc givcll  ill t,llc  l a s t  two Iows of ‘J’al)lc 1 1 .  111

colnl)uti]ir, CX]ICCIXXI errors ill J2 a]]d (;22, wc assul])cd  i,l]c errors ill all otlIcr F, Iavity  l)arlm)l)ics

aIc ZCIO. Wc included tlic IImIIol)olc  tmn (GM) ill tlIc error  aualysis however, along with

t]l~ ~rbital  ])ara]]lck!~s  ?’<;A a])d V, a  total  o f  fiv~ ])a~a~[]dc~s,  WC assu]]d  c.olltil)~lous

] k)])] )]~;l data. OvCJ’ a tilllC  il)tC1’Va] Of a])OU~ 20?  ’(,.A /v CCIltC1’Cd  011 C] OSCSt  a]) J)l’O~C]l. WC

ac.coul)tcd for  systmnatic.  cIroI by li]nititlg  tllc root N error  il~~l~lo~’cl]lcllt  to a f a c t o r  o f

two,  tllcrcby  rcxstricting  tllc data to ol}ly four illclcpcndent  mcamrc]ncmts  of the l)opp]cr

C. U]’VC. WC salllplcd the l)o])])lcr  c.urvc at 60 s il)tcrva]s  al)d assulncd a ] .0 ]n]n S- 1 standard

error ill each lncasurclncmt  of rallg,c rate. 1 ly com])arint;  results  from tl)c l]cw software wit]]

our S)rcvious  full silnula,tions  usil]g data analysis software (01)1’), wc concluded that tl]is

si)n])lificc]  a])]) roach to tllc covariallcc  analysis is rca]istic.

WC lnadc  OIIC more computatioIl  c)f error. IIy Colnbining  the simulated clata froln t})c

two Ga,llylllcde  flybys and tl]c two Ca]listo  flybys, wc ]Jrcdictcd  a si.gl)ifical)t ilnprovclncxlt

ill .12 al)d ~~zz fol tl]osc  two satelli tes. I’llysical]y,  a far Lctlm  dctcrlnillation  of tllc global

gravity field CaJI be acl]icvcd  lJy ovcrflyil]g two rcgio]ls c)f t]]c satellite rat,llcr t])al}  just OIIC.

l“or (;ally])wdc,  tl)c c.olnbillatioll  of a IIcar ]mlar flyby wit]) a flyby at lnodcrat,c  inc]inatio]l

is J)articular]y  iln])rcssivc. \Vc sulnlnarizc  in ‘J’alJle 111 our final error ])rcdictiolls,  including  ~at)le 3

results froln colnl~inillg data for Gallylncdc a]ld ~al]isto.

IV. l)lsCt SSION  A N I )  CONCI, I SICNS

l“igure 3 sulnl]lari~jcs  tl]c va]ucs of tl)c g] avitatiol]al  cocflicicl)ts for tllc ]noclc]s of l’}urol)a,  Fig. 3
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(JaIIyII)cdc  and Gl]isto givcll  ill ‘ J ’ a b l e  1  aIId ml)l)arcs ~lIcsc v a l u e s  wit]) tllc e r r o r  C+sti]natcs

for .12 aIId C22 givcl] iII ‘J’al.)lc 111. ‘J’tlc  anticipated errors ill bot]i J2 and L’22 for Ganylncdc

arc so slnal]  that  discx  i]nil]atioll  Lctwccl] difl’crclltiatcd  a]ld undifl’crm)tiatccl  states o f  tllc

sa te l l i te  SIIOUICI be rcadi]y  acllicvablc. It lnay cvc]l bc ])ossib]c to clistinr;uis]] alnong  lnodc]s

of LIIC il)tcricn  of Ga.lly~ncdc wit]] diflcrcnt dcgrccs of difl’mmtiatiol}. ‘J’IIc error bars on tllc

gravitat,iollal  c.ocffic.icnts  of l’;uro]ja arc larger thal) tlw.y  arc for Gzmylncdc,  but Figure  3

SI1OWS tl)a.t it, ]nay still be possil)]c to disti]l~;uisl)  diflcrc[]tiatcd fro]]] ~lll(liflclcl]tititc(l  illlmior

Statx!s  Ulllc!ss  tllc actual

tllcsc cocflicicnts f o r  t h e

f o r  (;allisto,  h u t  e v e n  in

IIMXNrCIIICWtS  of J2 and 6’22 fall lnidway  bctwml t}tc v a l u e s  o f

2-layer al)d ulldifltirc]}tiatcd  models. ‘J’l)c largest  error bars occur

this case l,l)c m-or in L’ZZ may ~mlnit assmwnmtt of the dcgrcc of

diflcrm]tiatio)l  of tllc satc]litc.

1]] sulnlnary,  IIo}qdcr  tracking  of tllc Galileo O1bitcr  is cx]mctcd to provide sufiicmlt]y ac-

curate dctcrmina. ticms of the gravitational cocflicicllts J2 and (722 of the icy Gali]cal]  satellites

tl)at  it should bc possib]c to mtahlish  with high confidcl)cc  wlmtllcr  tllc satmllitcs  arc diflcr-

cnltiatcd. llltcr])rcAatioll  of tl)c actual )nmsurwlm~ts  could h complicated by llol]}lydrostatic

cfTcc.Ls (Mueller a]]d h4cl{il]no11  1988), illcludill~;  tl)c ])mscrvatioll  of fossil tidal l)ulgcs, hut,

SUCI1 cflcc.ts sl]ould  Im idclltifial.)lc  by illcollsistcllcy  wit]) hydros ta t ic  thcoiy,  and if ])rcscmt

will ill tllmnsclves be cllligl]tcllillg.

‘J’llis  work was su])portc,d  l)y NASA tllrou~;}l  tlIc l’lallctary  (lcology  aIld Gcxq)llysics  }’ro-

gram (NAGW  2086) and t] Iroug]I t]Ic Ga]ilco  ]’rojcct (J]’],  958693) a n d  by tl]c Natiol]a]
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l{csca]cll  Coul}c,  i] t,lIIou~,lI aII aF,IccIIIcI~t  wit]l t,l)c Natiom)al Acrollautic,s  aIId S]Iacc  AdJIli JI-

istratiol). SO]IIC  scctio~}s  of tllc }jal)c]  lc])lcscljt OIIC IJ]jaSC of rcscarcl) l)clfor]llcd  at tl]c Je t

l’rol)ulsioll I Laboratory  of tllc (;alifoll}ia  IIlstitutc  of ‘J’c.c,l}l]olog;y,  w]licll  is ul~dcr contract  to

Ll)c National  Acrollautics  and S~)acc  Admillistratiol).
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‘1’Alll,ltS

‘J’AII1,I; I. Gravitational c.ocflicicllts  of icy satellite ]nocle]s.

I)cl,<ity Notc<,  l{cfcrmms

Chxc/h4iuLtlcJSu)  facc l{/l{s,,.ll;  ,, J2 (:22 Z- Zhmkov  C(  al. (1985)

h40d~l ( 1 03 kg m-3) C;orc/Marltlc (lo-~) (10-6) 1. 1,111)0  (19s2)
—.

Euioya ‘-
l/t,diffct etttiatrd

a 3.01 1 629 ] ~g U1,ifO1,l,  I)ellsity,  ~,

11 3.01 1 705 211 UI,fO1-,,l  I)el,.i~y,  1,’msil llulgc

2- I#aytt

c

d

,9.loyel

c

P-1K3yc7

d

c

f

8

s-1>ayc7

j

3.52/] .00

3.52/1 .W3

5.00/3.28/] .CK1

1.93

1.93 (mean)

1.93

1 .Oopo

0.90/3.52

1.93 (Itleal,)

1 .00/3 .00

5.0/3.28/0.90

0.923 485

0.923 521

0.480/0.923 434

Ganymcdc

146 z

164 l(’ossil  Hulgc

130 z

1 240 72 Ul]ifon,, l)cll<ity,  Z

1 212 64 l)cpt}l l)qmldcllt l)cllsity, z

1 2C8 80 U1,ifOnl,  I )Cl]sity, 1,’ossil }Iulgc

0.774 141 12 z

0.7:+2 118 35 z

1 128 39 l)el,tl!  IJej>mlda]t  l)cll<ity,  1,

0.774 162 51 ltossil  }Iulg,e

0.379/0.732 111 33 z
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(Ju!llish
[Jndiflrlcntiotcd

a

b

c

1.83

1.83

1.83

2-1/aycf

d

c

f

e.

3.00/1 .00

3.52/0.90

1.83 (mall)

3.00/1 .00

0.746

0.708

1

0.74G

45

40

52

14

12

16

Lll[ifmll[ I)cl[sity,  Z

])cI,t]L  I)clm],  dcv,t i) C[lSity,  1,

Unifor,l,  I)c]lsity,  I’ossil I,ulgc

27

23

25

29

8

7

7

9

z
.,f,

I)cI,tli  J)cI,crIdc]It  J)c]lsity,  1 ,

l,bssil bulge
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I’(;A  (kIIl)

V ( k m  S- ‘ )

~)

1

Sltl’

0.12 (lo-~)

0(,22 (lo- G)

‘J’AI]I,I;I1.  orbits] ]Jalallletersf  orsixsatcllitef  lyhys.

ol-bit O Orljit 1 oll)it 2 orl)it 3 Oll)it 10

10 Galylm!dc! GZinymcdc! Callisto Gllisto

2815 3131 2831 3496 2928

15.0 7.9 8.0 8.0 8.’2

. ] -y 24.7° 84.6” 13.7° 4.8°

7.7° 26.5° 86.2” 13.7° 4.8°

8.8° 179.9° 113.4° 61.1° 138.8°

610 Go 31 168 300

m 9.3 6.8 28 6.9

orbit 11

1’;U 1 C)])a

= . . . . . .——. .— U- - - -

orbital  data for the currmt satc]]itc tour arc from the c;ali]co  Navigation ‘J’caln (J. ]{.. Jollanllcscll,

])rivat.c  col]l~l~ullic.atioll).  Orbital ]~aralnctcrs  arc dcfillcd ill the text. l’or cacll flyby tllc cx])cxtcd

sta:ida,rd errors  for t]lc gravity ]Iarlnc)llic,s  arc listccl  ill the last two rows.
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‘l’All

-.

10

Europa

Gallymcde

Callisto
.-

,]; 111. 1’ mlickd  standard CIIOIS for g,]avity  IIar]nollic.s.

J2 (lO- G)

610 G8

44 1’2

8.5 1.7
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I’i.gurc Ca])tions

l“ig. 1. Gcm]nctry  of tllrcc satellite flybys suitable for F;lavity field [lctcl-lllilldtiol)s.  ‘1’IIc ]jla])c

of tllc flyby tra.jcctory  is in tllc page, wit]]  tl]c  clircctioll  of the orbital allgulal-  lnollwlltuln  out

of tl)c  })agc. IJircctiolls  to tlic ILmtl]  and Ju~)itcr  ]Jrojcctccl  0]1 tllc orbi tal  plm)c  alc il)clicatccl.

‘J’lIc  zone of’ Earth occultation is sl)owl]. ‘J’IIc t ick II)arks  arc at two-lnillute  illtcrva]s.  ‘1’lIc

a l t i t u d e  }L,  latituclc  (Iat) with  rcqmct to tlic sa t e l l i t e  cquatc)rl all d flyby vc]oci ty V arc

inclicatcxl.  (a) 10 flyby, Orbit O, 1995 lhmnhr  ‘i’, 17:46:51 ErJ’. (b) Ganymmlc  flyby, Orbit

1,  1996 July 4,  10:02:03  ET. (c) Gallymcdc  flyl)y,  Orl)it  ‘2, 1996 %])tcrnbcr  6, 19:00:28  }’;’J’.

F i g .  2 .  %IIIIC as }“i~;. 1. (d) Callisto flyby, Orbit  3, 1996 November 4, 13:31:46 1}’1’. (c)

Callisto flyby,  Orbit 10, 1997 Scptclnbcr  17, 00:21:57  1;’1’. (1”) l’hro])a  flyby, Orbit 11, 1997

Novcmh 6, 21:49:38 E’]’.

]“ig. 3. ~o]Il])ariso]l  of  va]ucs of  Jz aJIC] (~22  for Inodc]s of ]~um])a., <JaIIyIIIc~c, aIIC] (;a]]isto

with error cstilnatcs  of tlIcsc gravitational coc~icicvlts  fro]n sin]ulatccl  Galileo Orbiter radio

Lrackillg.
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